The transport and retention of a soybean oil-in-water emulsion was evaluated in laboratory columns packed with a medium to fine clayey sand amended with varying amounts of kaolinite. Results from these experiments demonstrated that appropriately prepared soybean oil-in-water emulsions can be distributed in clayey sand at least 80 cm away from injection point. Kaolinite addition to the clayey sand resulted in an increase in the maximum oil retention. However, the empty bed collision efficiencies in columns packed with clayey sand amended with kaolinite were lower than in columns packed with only clayey sand, suggesting that kaolinite is a less efficient collector of oil droplets than natural clayey sand. A standard colloidal transport model provided an adequate description of effluent breakthrough and the final oil distribution in the laboratory columns. This transport model was implemented as a user defined module within RT3D. Model parameters determined in replicate columns and at varying velocities were reasonably reproducible.
Introduction
In situ anaerobic bioremediation processes are being implemented for treatment of a wide variety of groundwater contaminants including chlorinated solvents, nitrate, perchlorate, and acid mine drainage ͑Morse et Hunter 2001 Hunter , 2002 ITRC 2002; AFCEE 2004͒ . In all of these processes, one or more biodegradable organic substrates are distributed throughout the treatment zone to provide a carbon source for cell growth and an electron donor for energy generation.
There has been considerable interest in using soybean oil as a substrate for in situ bioremediation because of its low cost, foodgrade status, and longevity in the subsurface. However, injection of soybean oil into the subsurface as a separate nonaqueous phase liquid may be difficult because of the limited spread of the oil and large amount of chase water required to displace the oil to residual saturation ͑Zenker et al. 2000; Lee et al. 2001; Casey et al. 2002͒ .
To overcome these problems, Coulibaly and Borden ͑2004͒ developed a process for distribution of soybean oil as an oil-inwater emulsion consisting of small oil droplets dispersed in a continuous water phase. The emulsion was prepared to: ͑1͒ be stable for extended time periods ͑e.g., noncoalescing͒; ͑2͒ have small, uniform droplets to allow transport in most aquifers; and ͑3͒ have a negative surface charge to reduce droplet capture by the solid surfaces. The emulsion would be distributed throughout the proposed treatment zone by injecting a dilute emulsion followed by one or more pore volumes ͑PVs͒ of water to distribute and immobilize the oil droplets. Since water is the continuous phase, oil-in-water emulsions are completely miscible with water and can be injected as any other aqueous solution.
Laboratory permeameter studies demonstrated that these emulsions can be effectively distributed in sands and clayey sands with only modest reductions in aquifer permeability. For example, when a fine clayey sand ͑FS-7% used in this study͒ was flushed with 3 PVs of a fine emulsion ͑median droplet size= 1.25 m͒, the effective hydraulic conductivity declined by roughly 40% due to the higher viscosity ͑1.44 cP͒ of the emulsion. However, when 7 PV of water were flushed through the columns, hydraulic conductivity recovered to near preinjection values ͑93-115% of initial K͒. Oil retention and associated reductions in permeability increased with sediment clay content and with the ratio of droplet size to pore size.
In the work presented here, we demonstrate that previously developed methods for describing colloid transport can be used to simulate the subsurface transport and retention of edible oil emulsions. Once validated, this approach can be used to design enhanced anaerobic bioremediation systems.
Emulsion and Colloid Transport
Soo and Radke ͑1984, 1986a,b͒ studied emulsion transport, deposition, and associated permeability loss in porous media. All experimental work was conducted using emulsions that were prepared to minimize droplet coalescence and sticking to particle surfaces. Experimental results demonstrated that oil droplets smaller than the sediment pores could be transported significant distances through porous media with low interception by solid surfaces and low permeability loss. However, injection of oil droplets larger than the sediment pores resulted in rapid droplet removal by straining with a large, permanent permeability loss.
This suggests that when oil droplets are smaller than the sediment pores, droplet transport and retention may be described by colloidal transport theory ͑Westall and Gschwend 1993͒.
Colloid transport and deposition in porous media has been an area of intense research due to the important implications for facilitated transport of contaminants sorbed on colloids, dispersal of bacteria for in situ bioremediation, and transport of groundwater pathogens. The emulsions developed by Coulibaly and Borden ͑2004͒ have characteristics similar to many bacteria including the oil droplet size ͑ϳ1 m͒ and surface charge characteristics ͑zeta potential ϳ−18 mV͒. As a consequence, much of what has been learned about bacterial transport in the subsurface may be useful for describing transport of colloidal size oil droplets.
Two general approaches have been employed to describe bacterial transport in the subsurface. In the first approach, transport of bacteria ͑and other colloids͒ is simulated using a rate limited sorption approach ͑Lindqvist et al. 1994; Bengtsson and Lindqvist 1995; Chrysikopoulos 1995, 1998; Bolster et al. 1998; Bengtsson and Ekere 2001͒ where the rate of mass transfer between the aqueous and solid phase is proportional to the concentration gradient between the two phases.
In the second approach, bacterial transport and retention is simulated using deep-bed filtration theory where particle capture by the sediment surfaces is a function of: ͑1͒ the rate that particles approach a single collector or sand grain; ͑2͒ the single collector efficiency ͑͒ which is the fraction of particles approaching a collector that actually strikes the collector; and ͑3͒ the collision efficiency ͑␣͒ which is the fraction of particles colliding with the collector that are actually retained ͑Westall and Gschwend 1993; Ryan and Elimelech 1996; . The rate that particles approach a collector is determined based on a simple massbalance approach ͑Ryan and Elimelech 1996; Chen et al. 2001͒ . The single collector efficiency is most commonly determined using the Rajagopalan and Tien equation ͑1976͒ which includes terms for diffusion ͑ D ͒, interception ͑ I ͒, and gravitational settling ͑ S ͒. ␣ is an empirical term that reflects a variety of particle-collector interactions that affect adhesion including pH, ion strength, colloid and sand grain surface coatings, and prior coverage of the collector surface by previously trapped particles ͑Rijnaarts et al. 1996a, Bolster et al. 2001͒ .
A variety of different approaches have been used to simulate release of attached colloidal particles including: ͑1͒ zero release ͑irreversible attachment͒; ͑2͒ first order rate functions; and ͑3͒ retention time dependent approaches. In the retention time dependent approach, the probability of colloid release from the sediment surface decreases with time that the particle is attached ͑Meinders et al. 1992 ͑Meinders et al. , 1995 Becker et al. 2004͒ . The increasing strength of particle attachment with time is thought to be associated with gradual displacement of a thin water layer separating the colloid from the collector surface.
In this work, we evaluate the use of a deep-bed filtration approach for simulating emulsion transport in 2.9 cm diameter by 80 cm long columns packed with medium to fine sand amended with varying amounts of kaolinite.
Deep-Bed Filtration Model of Emulsion Transport
The transport and retention of oil-in-water emulsions may be simulated using the standard advection-dispersion equations with terms representing colloid capture by the sand grain surfaces and droplet release back to the mobile phase where ͑Bolster et al. 1998; Camesano et al. 1999͒
where
For an empty bed, the attachment rate, K a , can be calculated as
where ␣ = collision efficiency ͑dimensionless͒; = single collector efficiency ͑dimensionless͒; and d c = equivalent collector diameter ͓L͔. Extensive work over the past decade has shown that a variety of factors influence collision efficiency including geochemical conditions, double layer thickness, surface roughness, shadow effects, sediment surface charge heterogeneity, and blocking of the sediment surface with previously retained colloids ͑Johnson and Elimelech 1995; Rijnaarts et al. 1996b; Camesano et al. 1999; . In well controlled laboratory systems, these different factors can be isolated and modeled using well defined, physically based parameters. However, it may not be practical to model these separate processes when emulsions with a range of droplet sizes are injected into natural aquifers with varying grain sizes and geochemical characteristics. Under these conditions, it may be more useful to represent collision efficiency using a simplified Langmuirian blocking relationship of the form ␣ = ␣Ј͑C im max − C im ͒ / C im max where C im max is an empirical measure of the maximum mass of particles captured per mass sediment. Substituting this relationship for ␣ in Eq. ͑3͒ we obtain
The mechanisms controlling release of attached colloids are poorly understood. Many previous investigators have assumed colloid release to be negligible ͑i.e., R = 0, Bolster et al. 1998͒ or attachment to be irreversible ͑Johnson and Elimelech 1995; Johnson et al. 1996͒ . In this work, oil droplet release was observed to be very limited and R was assumed to be zero.
Materials and Methods
All experiments were conducted with a medium to fine sand amended with 0, 2.5, or 5% kaolinite ͑Thiele Kaolin Company, Sandersville, Ga.͒. The original material termed field sand ͑FS-7%͒ was obtained from a local supplier ͑Caudle Sand and Rock, Raleigh, N.C.͒ and used in prior studies by Coulibaly and Borden ͑2004͒. Characteristics of each material are summarized in Table 1 . The -_% designation is used to indicate the weight fraction finer than 75 m ͑siltϩclay fraction͒. Kaolinite addition had little effect on the median grain diameter ͑D 50 ͒ but increased the D 60 / D 10 ratio by 1 order of magnitude.
Coulibaly and Borden ͑2004͒ demonstrated that oil-in-water emulsions with small, uniform droplets can be prepared using soybean oil and food grade surfactants. The emulsions used in this work were prepared by blending 33% by volume soybean oil, 62% tap water, and 5% premixed surfactant ͓38% polysorbate 80, 56% glycerol monooleate ͑GMO͒ from Lambent Technologies and 6% water͔ in a Waring Commercial blender at high speed for 5 min. The mean droplet size was 1.2 m ͑stan-dard deviationϭ1.3 µm͒. The zeta potential of the oil droplets, sand, and kaolinite in tap water ͑pHϭ8.2, specific conductanceϭ190 µS/cm͒ were −18, −22, and −24 mV indicating unfavorable conditions for the negatively charged oil droplets to stick to the negatively charged sand and kaolinite collectors ͑Coulibaly and Borden 2004͒.
Column Procedure
Emulsion transport and retention was examined in 80 cm long by 2.9 cm ͑ϳ1 in.͒ polyvinyl chloride columns. The columns were dry packed with sediment while constantly tapping to induce settlement. After evacuating the columns, deaired tap water was slowly introduced into the column inlet to minimize entrapped air. Deaired water was then pumped upward through the columns at ϳ2.5 mL/ min for 2 h to further saturate the columns. The emulsion injection test consisted of pumping 25 mL of 11% oil by volume emulsion ͑ϳ0.05 PV of pure oil͒ followed by 1,000 mL ͑ϳ5 PV͒ of deaired tap water. The effluent was collected every 30 mL and analyzed for oil content by volatile solids ͑VS͒ analysis. VS was determined by weight loss on ignition for 1 h at 550°C ͑standard deviation of replicates typically less than 5% of mean͒. After completion of the experiment, the column was frozen, cut into eight sections of 10 cm each, with each section analyzed for oil content by VS analysis. Because of the filters used at each end of the column, the oil concentration in the first and the last segment were less reliable. Prior to emulsion injection, nonreactive tracer tests were conducted by pumping 25 mL of 175 mg/ L NaBr solution through each column at a flow rate of ϳ2.5 mL/ min followed by 1,000 mL of deaired water. Effluent samples were analyzed for Br by ion chromatography.
Emulsion Transport in Columns
Experimental conditions and mass balance results for each of the column experiments are summarized in Table 2 . Porosity and dispersivity were obtained by fitting a solute transport model to the nonreactive tracer test results. FS-7%-#1, #2, and #3 were conducted at the same injection flowrate ͑2.25-2.38 mL/ min͒. However differences in the sediment porosity resulted in some variability in the solute transport velocity ͑Table 2͒. FS-7%-slow was conducted with a lower injection rate ͑0.5 mL/ min͒ to evaluate the effect of transport velocity on oil retention. FS-9% and FS-12% examined the effect of increasing clay content on oil retention. Overall mass balances for most experiments were reasonable with the exception of FS-7%-#3 where only 65% of the injected mass was recovered in the column effluent and the sediment at the end of the experiment. The high mass balance error may be related to difficulties in correcting for the background volatile solids content of the sediment.
Experimental results for the three replicate FS-7% injection experiments and single low velocity FS-7% experiment are shown in Fig. 1 . Oil released in the column effluent varied from 4 to 12% of the injected mass. In all four experiments, peak effluent emulsion concentrations were observed at approximately 1 PV indicating no significant enhancement or retardation of the oil droplets. The maximum emulsion concentrations in the effluent of the three fast columns were 2.55, 0.66, and 0.7 g / L or 0.6-2.4% of the injection concentration. By contrast, the maximum nonreactive tracer concentrations were 13-27% of the injection concentration ͑data not shown͒. After roughly 300 min, the turbidity of the column effluents declined ͑based on visual observation͒ and the VS concentrations reached a steady-state value of 0.01-0.10 g / L ͑detection limit= 0.01 g / L͒. The low effluent turbidity suggests that most of the VS released at the end of the experiments was dissolved, not colloidal oil droplets. However, it was not possible to distinguish between colloid size oil droplets and dissolved organic material ͑oil, surfactant, or biotransformation products͒ using the VS analytical method, so some oil droplets may have been released.
There was considerable variability in the final oil distribution in the sediment between the three replicate FS-7% columns ͑Fig. 1͒. In FS-7%-#1 and FS-7%-#2, the final oil concentrations were very low in the first sediment sample, reached their highest value in the 10-20 cm sample, and then declined. Final oil concentrations were also low in the first sediment sample in FS-7%-#3. However the oil concentration in the 10-20 cm sediment sample in FS-7%-#3 was much lower than in the first two columns and there was no clearly defined peak in final oil distribution. In the emulsion injection tests conducted at lower velocity ͑FS-7%-slow͒ and with added kaolinite ͑FS-9% and FS-12%͒, oil retention was significantly higher ͑Figs. 1 and 2͒. The higher oil retention in the FS-7%-slow test is consistent with prior work by Elimelech and Omelia ͑1990͒ and Camesano and Logan ͑1998͒ who demonstrated that colloid retention is a nonequilibrium process with lower transport velocities leading to increased contact time and greater colloid retention. The transport velocities employed in this work are higher than typically observed under ambient groundwater flow conditions but are comparable to velocities commonly encountered near emulsion injection wells. The trend of increasing oil retention with increasing clay content is consistent with prior results by Coulibaly and Borden ͑2004͒.
These experimental results show that appreciable amounts of emulsified oils can be transported at least 80 cm from the injection point and will result in a reasonably uniform oil distribution in the experimental columns. However there was significant variability in experimental results between replicate columns. The greater amount of oil released from FS-7%-#1 could be due to the slightly higher transport velocity in this column ͑Table 2͒. The cause of the observed variability in retained oil distribution is unknown, but may be related to minor variations in packing between columns.
Mathematical Model of Emulsion Transport

Model Development and Implementation
Emulsion transport was simulated using MODFLOW ͑MacDonald and Harbaugh 1988͒ and RT3D ͑Clement 1997͒ as implemented in GMS 3.1 ͑Brigham Young University 1999͒. Colloid transport is not currently implemented in RT3D, so a user defined module was developed to simulate colloid transport using Eqs. ͑2͒-͑4͒. RT3D uses the operator splitting method to separate the advection part of Eq. ͑1͒ from the reaction part. Changes in C m and C im represented by Eqs. ͑7͒ and ͑8͒ were coded in a user-defined module. This module is then compiled as a dynamic link library ͑dll͒ that is called by RT3D at runtime 
and
The 80 cm columns used in the emulsion transport experiments were represented by a one-dimensional ͑1D͒ grid of 160 cells that were 0.5 cm long by 2.5 cm wide by 2.5 cm high. The column inlet was simulated as an injection well and the outlet was simulated as a drain. Dispersivity and effective porosity were estimated by fitting the RT3D nonreactive tracer module to match bromide tracer results ͑Table 2͒. Porosity was estimated from the measured bulk density and specific gravity of the sediment. The maximum oil retention capacity ͑C im max ͒ was assumed equal to the maximum observed oil concentration in the sediment. The equivalent collector diameter ͑d c ͒ was assumed to be equal to the sediment D 10 based on the work of Huber et al. ͑2000͒ and Martin et al. ͑1996͒ who showed that D 10 provided the most representative estimates of collector diameter in well graded sediments. Martin et al. ͑1996͒ reported that using D 50 or arithmetic averages lead to an underestimation of resulting in ␣ higher than 1. The single collector efficiency ͑͒ was computed using the Rajagopalan and Tien ͑1976͒ relationship
͑10͒
where At present, there is no reliable method for independently estimating the empty bed collision efficiency ͑␣Ј͒. Consequently, ␣Ј was used as a fitting parameter. When a significant amount of emulsion was released in the column effluent, the best fit value of ␣Ј was found by comparing simulated and observed BTCs ͑FS-7%-#1, -#2 and -#3͒. However when less than 2% of injected emulsion was discharged in column effluent, ␣Ј was adjusted to match the observed oil distribution in the sediment ͑FS-7%-slow, FS-9%, and FS-12%͒. The best fit value of each parameter was found by the bisection method using the root mean square error as the primary objective function. Model calibration parameters for each of the column experiments are summarized in Table 2 .
Simulation Results
Model simulation results are compared with observed BTC and the final oil distribution in each field sand column in Fig. 1 . Using ␣Ј as a fitting parameter, the model provides a very good match between simulated and observed BTCs for each of the FS-7% experiments. There was significant variability in the measured final oil distributions, so it was not possible to precisely match the oil distribution in any specific column. However, the model simulates the general trend in the final oil distribution, with higher retention close to the inlet and gradually decreasing concentrations toward the outlet. Fig. 2 shows a comparison of simulated and observed BTCs and final oil distributions for the FS-9% and FS-12% columns. Over 99% of the oil was retained in the sediment in these two experiments, so the effluent BTC curves are poorly defined. As discussed above, some fraction of the VS released in the column effluent is likely associated with dissolved oil and/or surfactants, not release of colloidal oil droplets. The model provides a good match to the final oil distribution in the FS-9% column. However, the match for the FS-12% column is not nearly as good. The poor match for FS-12% may have been due to experimental issues. The permeability of the FS-12% material was significantly lower than the other sediments which required higher injection pressures to achieve the desired flowrate and could have resulted in flow bypassing around some sections of the column.
Overall mass balance results for each of the simulations are compared with experimental results in Table 2 . Between 88 and 99.9% of the injected oil was retained by the columns with the highest percent retained in for the FS-7% at a low flow rate and for the FS-9% and FS-12% columns. The mathematical model was able to reproduce this general trend very well.
Best fit values of the empty bed collision efficiency of oil droplets, ␣Ј, in FS-7%, FS-9%, and FS-12% were 0.048 ͑rangeϭ0.021-0.073͒, 0.030 and 0.00007, respectively. The ␣Ј values for FS-7% and FS-9% are similar to values obtained for common bacteria ͑Rijnaarts et al. 1996a; Camesano and Logan 1998; Camesano et al. 1999͒ . Similarly, the variability ␣Ј is comparable to that observed for bacteria retention by other investigators ͑Jewett et al. 1995͒. However, ␣Ј for FS-12% was much lower than FS-7% and FS-9%, indicating the kaolinite is a less efficient collector of oil droplets than the natural clayey sand.
Discussion and Conclusions
The laboratory column experiments demonstrated that soybean oil-in-water emulsions prepared with small, uniformly sized droplets and a negative surface charge can be distributed in sands with varying clay content at least 80 cm away from the injection point. The approach of injecting a concentrated pulse of emulsion followed by chase water to distribute and immobilize the oil droplets provided a reasonably uniform final oil distribution when sufficient oil was injected. Residual oil concentrations varied from 1 to 9 mg/ g VS and should be effective for stimulating in situ anaerobic bioremediation processes. The maximum residual oil concentrations resulting from a short pulse injection were generally consistent with prior work by Coulibaly and Borden ͑2004͒ where columns were flushed with at least 3 PVs of concentrated emulsion.
At present, we have a very poor understanding of the physical and chemical processes controlling droplet capture and retention by the sediment surfaces. The emulsions used in this work had a negative zeta potential and can be expected to attach poorly to negatively charged sands. However, natural sediments including iron oxide coated sands and clay minerals have a mixture of positively and negatively charged sites which could allow more effective capture of small, negatively charged oil droplets. We anticipate that most of the surfactants used to prepare the emulsion will be associated with the oil droplet surface. However, a small portion of the surfactant will be dissolved and could sorb to sediment surfaces, potentially altering their surface properties.
A mathematical model based on traditional colloid transport approaches is presented for simulating the transport and retention of emulsions in laboratory columns. The model provides an adequate description of effluent breakthrough curves and the final oil distribution in laboratory columns packed with field sand containing 7, 9, and 12% silt and clay size material. Empty bed collision efficiencies measured in replicate columns and at varying velocities were reasonably reproducible and generally consistent with prior work on bacterial transport in aquifer material. Kaolinite addition to field sand increased the maximum oil retention. However, empty bed collision efficiencies in columns packed with field sand amended with kaolinite were lower than in columns packed with field sand only, suggesting that kaolinite is a less efficient collector of oil droplets than the natural clayey sand.
Once oil droplets are captured by the sediment surfaces, they appear to be very resistant to release. Fig. 3 shows volatile solids concentrations in the FS-7%-#2 column effluent plotted on a log scale to allow inspection of the low concentrations discharged toward the end of the experiment. After the emulsion peak has passed, effluent concentrations decline with time until ϳ350 min, when concentrations stabilize at 0.01-0.03 g / L. At 0.02 g / L, approximately 600 PVs of flushing would be required to displace the residual oil.
The model employed in this work is based on several important assumptions: ͑1͒ transport of dissolved VS is not significant; and ͑2͒ oil droplets are irreversibly captured by the sediment surfaces. During the early portion of the flushing experiments, most VS are present in oil droplets and transport of dissolved components is relatively unimportant. However during the later stages of flushing when oil droplet transport declines, dissolved oil and surfactants will make up a much larger fraction of the VS. Consequently, it is not appropriate to use the emulsion transport model to simulate the slow release of dissolved components that occurs toward the end of the injection experiments. Attempts to simulate release of dissolved organic material will be further complicated by growth of bacteria which ferment soybean oil to more soluble fatty acids, accelerating organic carbon release ͑Long and Borden, private communication͒. Biotransformation processes will also alter the aquifer Eh and pH, reducing iron and manganese oxides, potentially influencing oil droplet capture and/or release by sediment surfaces.
Additional work is needed to understand the various processes controlling oil droplet capture by different sediments and subsequent release of dissolved organic carbon to support in situ biotransformation processes. As our understanding improves, it may be possible to control oil droplet mobility by matching the surfactant selected to the specific physical and chemical properties of the aquifer. This information could then be incorporated into mathematical models as an aid in the design of emulsion injection systems.
